Soluble Mn(III) in Suboxic Zones
, which then oxidizes H 2 S with re-formation of Mn(II) (5) (6) (7) (8) . Traditionally, dissolved manganese (material passing through 0.2-or 0.4-mm filters) has been assumed to be Mn(II), whereas particulate manganese has been assumed to exist only as MnO 2 because any inorganic Mn(III) formed would disproportionate to Mn(II) and Mn(IV). However, soluble Mn(III) can be stabilized with organic chelates and inorganic chelates (e.g., pyrophosphate, a particularly good chelating agent) to prevent disproportionation and is well known in laboratory solutions (9) (10) (11) (12) (13) (14) (9) (10) (11) (12) (13) (14) .
Once formed, Mn(III) is an important oneelectron transfer redox species that can act as either an oxidant or a reductant. Mn(III) is an ideal chemical species to maintain the existence of suboxic zones, which have dissolved O 2 and H 2 S below normal detection levels. Suboxic zones are ubiquitous as they are found in sedimentary porewaters of lakes, estuaries, bays, and oceans; in permanently anoxic basins (the Black Sea, the Arabian Sea, equatorial Pacific, and fjords); and in shallower seasonally anoxic basins (the Chesapeake Bay and Saanich Inlet).
To test the hypothesis that soluble Mn(III) is present and a key redox species in the Mn catalytic redox cycle, we used known Mn(III) coordination chemistry to search for Mn(III) in the suboxic waters of the Black Sea and the Chesapeake Bay. We used in situ voltammetry (18) (19) (20) to simultaneously measure O 2 and H 2 S (defined as the sum of H 2 S, HS j , S x 2j , and S 8 ) in one cast. Once the suboxic zone was documented, we used traditional bottle methods on a subsequent cast to obtain samples for total dissolved Mn, particulate Mn (21), and dissolved Mn(III). Dissolved Mn is defined as that material which passes through 0.2-mm Nuclepore filters. This approach can separate soluble Mn(III) from particulate MnO x . Previous marine and estuarine studies (22, 23 ) that used radiotracer Mn showed that all size-fractionated particulate MnO x is trapped on 1.0-mm or smaller filters as Mg 2þ and Ca 2þ induce MnO 2 precipitation (24) . X-ray absorption near-edge spectroscopy measurements (25) have documented that particulate MnO x from Black Sea waters, formed by microbially mediated Mn(II) oxidation, is in the Mn(IV) state and similar to d-MnO 2 .
To measure Mn(III) in field samples, we used cathodic stripping voltammetry to detect Mn(III) as the known desferrioxamine-B (DEF-B) complex (9) . Samples were collected in gas-tight syringes directly from a Niskin bottle and then filtered in an argon-filled glove bag. After running background voltammograms to determine that H 2 S and O 2 were not measurable in the sample, we added DEF-B as a competitive ligand to 10 ml of sample so that the total concentration was 20 mM. DEF-B gives a ligand peak at -1.34 V versus saturated calomel electrode (SCE), and the Mn(III)DEF-B complex has a signal at -1.19 V versus SCE (Fig. 1) (20) , and disrupt the thickness of the suboxic zone (defined as O 2 G 3 mM and H 2 S G 0.2 mM).
In each Black Sea depth profile (Fig. 2,  B to F; fig. S2 ), O 2 concentration decreased with depth and density, as a result of organic matter decomposition with O 2 as electron acceptor, to the suboxic zone containing no detectable O 2 and SH 2 S. SH 2 S concentrations increased below that zone. The suboxic zone in the eastern and central Black Sea had a thickness of at least 0.50 potential density (s t ) units (Fig. 2F) (s t 0 15.61 to 16.13) . However, the thickness decreased on proximity to the Bosporus because the west central Black Sea (Fig. 2B, site 9 ) is e 0.44 s t units (15.58 to 16.02) and southwest stations are thinner (e.g., Particulate manganese concentrations were typically low (G0.2 mM), except near the coastal zone (Fig. 2E, site 4) where maximum concentrations were 2 mM. Coexistence of oxidized particulate and dissolved manganese and H 2 S was not observed in samples from bottles. The apparent overlap of oxidized Mn with the in situ sulfide signal (Fig. 2B ) is due to soluble S(0) (19) and because the samples came from different casts Eadditionally, the conductivitytemperature-depth (CTD) sensor and the bottles are offset by 0.5 m; for the cast in Fig. 2B , the s t range of 16.00 to 16.15 had a vertical-depth resolution of 6 m versus 13 m for that in Fig.  2D^ . Dissolved manganese was present in all samples of the Black Sea_s suboxic region, with a maximum concentration of È8 mM below the H 2 S onset (Fig. 2, C and E) . Mn(III) complexes were detected at 10 of the 12 investigated stations with the exception of station 2 in the southwest and station 12 in the eastern basin. The highest Mn(III) complex concentrations were measured at stations 6 (5 mM; figs. S2 and S3) and 7 (4 mM; Fig. 2C ), where Mn(III) constituted up to 100% of the dissolved Mn at the maximum dissolved Mn concentrations. We conclude that, at these southwestern sites, intrusions of oxygen-rich water from the Bosporus intensified the manganese redox cycle and caused higher production of dissolved Mn(III). In contrast, the central and eastern Black Sea had lower dissolved Mn(III) concentrations, typically just above the detection limit of the analytical method of È150 nM (Fig. 2F  and figs. S2 and S3 ). For all other suboxic areas, Mn(III) complexes when detected constituted 16 to 56% of the dissolved Mn.
We observed two types of dissolved Mn(III) profiles in the suboxic zone. The more common one (16 of 18 profiles) was a single maximum at the top (Fig. 2, C and D) , at the bottom (Fig.  2E) , or in the middle (Fig. 2F, fig. S2 ). The latter was observed at the central and eastern stations 10 and 11, which do not experience lateral O 2 intrusions. The least common profile (2 of 18; e.g., Fig. 2B ) showed two distinct maxima at the top and bottom of the suboxic zone and was observed at coastal station 5 ( fig.  S2C ) and west central station 9 (Fig. 2B) . The maximum at the top of the suboxic zone (Fig.  2 , B to D) occurred just below where O 2 disappeared and as particulate and dissolved manganese started to increase with depth. This maximum is characterized by the one-electron oxidation of Mn(II). Dissolved Mn(III), trapped with chelating agents, is formed during the oxidation of Mn(II) (16) . Organic matter decomposition with release of photocenter PSII products could also lead to soluble Mn(III). The second maximum occurred at the bottom of the suboxic zone (Fig. 2, B and E) , where particulate manganese decreased and the first sulfur species were detected. At this deeper maximum, H 2 S reduced MnO 2 -forming polysulfides and elemental sulfur Eparticulate S 8 is 2 mM as S 0 ; e.g., (20) ^. The profiles indicate that Mn(III) complexes are formed during the one-electron reduction of MnO 2 .
Dissolved Mn(III) profiles (Fig. 2, B and D (Fig. 3) . We measured six water-column profiles on 3 days (3, 4, and 5 August), and the results confirmed that Mn(III) complexes were present in the suboxic zone of the Chesapeake Bay then. Leucoberbelin blue (LBB) was used to confirm the presence of Mn(III,IV) species and functioned as a secondary indicator for the presence of dissolved Mn(III) complexes in filtered waters (27, 28) . The suboxic zone was not stable with depth but moved up and down in the water column with the tidal cycle, as sulfidic bottom waters and oxygenated surface waters were mixed into the suboxic zone.
Typically, filtration has been used to separate the oxidized and the reduced manganese fractions. This method does not discriminate between the presence of soluble Mn(III) complexes and Mn(II), because the formaldoxime reagent reduces oxidized Mn phases that pass through the filter. Earlier studies (3-5, 21, 29) thus underestimated the oxidizing-reducing capacity of the soluble Mn pool. Also, studies based on these analytical techniques, as well as atomic absorption spectroscopy, underestimated the capacity for microorganisms to affect biogeochemical processes because Mn(III) can be used as either an electron acceptor or donor.
Our data demonstrate that one-electron transfer reactions are more important for Mn biogeochemistry than previously thought. Thus, dissolved Mn(III) will likely be important in other suboxic systems such as plumes from hydrothermal vents and productive rivers, stratified lakes, sedimentary porewaters, and major oxygen minimum zones such as the Arabian Sea and the equatorial Pacific. Depending on the thermodynamic and kinetic stability of the ligands binding Mn(III), Mn(III) should exist at (sub)nanomolar concentrations in oxic waters of lakes and oceans, as has been found for Fe(III) (30) (31) (32) . Mn(III) will also compete with Fe(III) for these ligands (12) .
